Actinobacillus pleuropneumoniae is an important pathogen of swine. Lipopolysaccharide (LPS) has been identified as the major adhesin of A. pleuropneumoniae and it is involved in adherence to porcine respiratory tract cells. We previously generated seven rough LPS mutants of A. pleuropneumoniae serotype 1 by using a mini-Tn10 transposon mutagenesis system [Rioux S, Galarneau C, Harel J et al. Isolation and characterization of mini-Tn10 lipopolysaccharide mutants of Actinobacillus pleuropneumoniae serotype 1. Can J Microbiol 1999; 45: 1017-1026]. The purpose of the present study was to characterize these mutants in order to learn more about LPS Oantigen biosynthesis genes and their organization in A. pleuropneumoniae, and to determine the surface properties and virulence in pigs of these isogenic mutants. By mini-Tn10 insertions in rough mutants, four putative genes (ORF12, ORF16, ORF17, and ORF18) involved in O-antigen biosynthesis in A. pleuropneumoniaeserotype 1 were found within a region of 18 ORFs. This region is homologous to the gene cluster of serotype-specific O-polysaccharide biosynthesis from A. actinomycetemcomitans strain Y4 (serotype b). Two mutants showed homology to a protein with identity to glycosyltransferases (ORF12); two others had the mini-Tn10 insertion localized in genes encoding for two distinct proteins with identity to rhamnosyltransferases (ORF16 and ORF17) and three showed homology to a protein which is known to initiate polysaccharide synthesis (ORF18). These four ORFs were also present in A. pleuropneumoniae serotypes 9 and 11 that express an Oantigen that serologically cross-reacts with serotype 1. Evaluation of some biological properties of rough mutants seems to indicate that the absence of O-chains does not appear to have an influence on the virulence of the bacteria in pigs and on the overall surface hydrophobicity, charge and hemoglobin-binding activity, or on LAL activation. An acapsular mutant was included in the present study in order to compare the influence of O-chains and capsule polysaccharides on different cell surface properties. Our data suggest that capsular polysaccharides and not O-chains polysaccharides have a major influence on surface properties of A. pleuropneumoniae serotype 1 and its virulence in pigs.
INTRODUCTION
Actinobacillus pleuropneumoniae, a member of the Pasteurellaceae family, is the causative agent of porcine pleuropneumonia, a world-wide disease that contributes important economic losses to the swine industry. 1 Twelve serotypes of A. pleuropneumoniae have been identified based on the structure of capsular polysaccharides. 2 Lipopolysaccharide (LPS) of A. pleuropneumoniae is an important virulence factor. LPS, a complex molecule, is composed of three welldefined regions: (i) lipid A; (ii) the core, an oligosaccharide containing 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo); and (iii) the O-antigen, a polysaccharide consisting of repeating units. 3 We observed that A. pleuropneumoniae LPS was able to bind pig hemoglobin. 4, 5 In addition, LPS has been identified by our group as an adhesin of A. pleuropneumoniae. [6] [7] [8] [9] [10] The polysaccharide portion of LPS, but not the lipid A portion, is responsible for binding of A. pleuropneumoniae to porcine respiratory tract cells and mucus. 10 Use of A. pleuropneumoniaeserotype 1 LPS mutants indicated that mutations in the O-antigen region have apparently no effect on adherence to porcine respiratory tract cells, while an intact core oligosaccharide region seems to be required. 11, 12 The structure of A. pleuropneumoniae serotype 1 O-antigen was previously described by Altman et al. 13 as branched tetrasaccharide repeating units composed of two a-Lrhamnopyranosyls, one a-D-glycopyranosyl and one 2acetamido-2-deoxy-b-D-glucose residues. Previous studies 14, 15 revealed a number of structural similarities among the LPS O-antigens of A. pleuropneumoniae capsular serotypes 1, 9 and 11, which are responsible for serological cross-reactions between these serotypes. 14 In Escherichia coli and Salmonella enterica serovar Typhimurium, the genes of the O-antigen locus encode enzymes for the synthesis of nucleotide sugar precursors, for the transfer of sugars to build the O-antigen units, and for carrying out the specific assembly steps to convert a single O-antigen unit into the LPS. 16 Genes of the wb* (rfb) clusters have been shown to code for most of the unique enzymes required for O-antigen assembly. On the other hand, the gene involved in the LPS biosynthesis of Haemophilus influenzae, another member of the Pasteurellaceae family, have been shown to be spread all around the chromosome. 17 Nothing is known about the genes involved in A. pleuropneumoniae O-antigen biosynthesis, their organization on the chromosome, or their distribution among serotypes.
Our purpose was to characterize seven rough mutants of A. pleuropneumoniae serotype 1 that were isolated in a previous study. 12 We wished to learn more about the LPS O-antigen biosynthesis genes and their organization in this important swine pathogen, and to determine the surface properties of these isogenic mutants and their virulence in pigs.
MATERIALS AND METHODS

Strains and culture conditions
Bacterial strains and plasmids are described in Table 1 . All A. pleuropneumoniae reference strains were grown on brain-heart infusion (BHI; Difco Laboratories, Detroit, MI, USA) agar plates supplemented with 15 mg/ml NAD. The nalidixic acid-resistant mutant (4074 Nal r ) obtained from A. pleuropneumoniae reference strain representing serotype 1 (strain 4074) was grown on BHI agar plates supplemented with 15 mg/ml NAD and 30 mg/ml nalidixic acid (Nal). BHI agar plates supplemented with 15 mg/ml NAD, 30 mg/ml Nal, and 75 mg/ml kanamycin (Km) were used for the growth of A. pleuropneumoniae mutants. For the selection of transformed plasmid pBR325 in E. coli XL1-Blue, 50 mg/ml Km and 50 mg/ml ampicillin (Ap) were added to LB agar plates (Difco Laboratories). Plates were incubated at 37°C in 5% CO 2 atmosphere for 18-24 h.
Transpositional mutagenesis and selection of mutants
A. pleuropneumoniae serotype 1 rough LPS mutants 12 were generated by mutagenesis with a Tn10 derivative 18, 19 and selected as described previously by Rioux et al. 12 
DNA techniques
Restriction and modification enzymes were purchased from Amersham Pharmacia Biotech (Baie d'Urfé, QC, Canada) and were used according to the supplier's specifications. Plasmid DNA was extracted with the Plasmid QIAprep spin miniprep kit (Qiagen Inc., Mississauga, ON, Canada). Chromosomal DNA was purified using guanidium thiocyanate. Briefly, cell lysis was induced by GES-buffer (5 M guanidine thiocyanate, 100 mM EDTA (pH 8.0), 0.5% sodium lauryl sarcosinate) and proteins precipitation by 7.5 M ammonium acetate. A solution of phenol:chloroform:isoamyl alcohol (25:24:1; Sigma, Oakville, ON, Canada) was used to remove remaining exonucleases and lipoproteins from the DNA. The DNA was then precipitated with isopropanol.
Mutated genes were identified by cloning genomic DNA of the mutants in pBR325. Chromosomal DNA of A. pleuropneumoniae mutants was digested with restriction enzyme EcoRI, which does not cut in the transposon mini-Tn10, and ligated in pBR325 plasmid digested with the same enzyme. The recombinant plasmids were transformed into E. coli XL1-Blue prepared by CaCl 2 /MOPS transformation following procedure C of the U.S.E. Mutagenesis kit (Amersham Pharmacia Biotech). The transformants were plated on LB agar plates supplemented with 50 mg/ml each of Km and Ap. The kanamycin-resistance cassette of the mini-Tn10 was used to detect recombinants containing the transposon and to identify the flanking chromosomal DNA from the A. pleuropneumoniae mutants.
DNA sequencing of the recombinant plasmids was performed using the primers EcoRI-Rev (5¢-GGTTTTCACCGTAACACGC-3¢) and EcoRI-For (5¢-AAGCACAAGTTTTATCCGG-3¢) specific for the pBR325 plasmid, at Laboratoire d'analyse d'acides nucléiques of Université Laval (Québec, QC, Canada) by using an ABI model 373A stretch DNA sequencer. Subsequent primers were based on the obtained sequence. DNA sequence information was analyzed with software from the University of Wisconsin Genetic Computer Group 20 using the National Center for Biotechnology Information (NCBI) databases.
A DNA library of A. pleuropneumoniae serotype 1 reference strain 4074 21 constructed in Lambda Zap Express phage vector (Stratagene, La Jolla, CA, USA) was screened with DIG-labeled probes designed for Southern blotting. Digoxigenin (DIG) labeling of the probes was done in a standard PCR. The first probe was synthesized using the Genes involved in biosynthesis of A. pleuropneumoniae serotype 1 O-antigen and rough mutants 29 primers EcoRI-Rev and ORF12-W1F (5¢-CTCCGAGC-CAATATTTCACG-3¢), which is specific to A. pleuropneumoniae ORF12. We used pBR1.1 as template and an annealing temperature of 55°C under standard conditions. 22 The second probe was synthesized using primers FORF16 and RORF16 ( Table 2) . PCR was carried out at an annealing temperature of 55°C using A. pleuropneumoniae serotype 1 DNA as template under standard conditions. 22 Both PCR reactions were supplemented with 50 mM DIG-11-dUTP (Roche Diagnostic, Laval, QC, Canada). Strongly reacting plaques were purified by successive rounds of screening. The pBK-CMV phagemid of the positive clones that survived three rounds of screening was excised using ExAssist Helper Phage. Finally, the plasmids were digested with restriction enzymes (SmaI and SalI) known to cut once within the vector in order to evaluate the size(s) of their insert(s). The dideoxy-nucleotide sequencing reaction was carried out with universal primers T3 and T7. PCR amplification of each ORF was achieved by using the oligonucleotide primers ( Table 2 ) which were designed based on the DNA sequence of the ORF. We amplified the specific expected size fragment for each ORF. The reactions were carried out at an annealing temperature of 53°C using standard conditions. 22 DIG labeling of each ORF was carried out as described above using A. pleuropneumoniae serotype 1 strain 4074 Nal r DNA as template.
EcoRI-digested genomic DNA from reference strains representing each A. pleuropneumoniae serotype was analyzed by Southern blotting using a standard protocol. 22 There were several washings: two washes for 5 min at room temperature with 2 ´SSC, twice for 15 min at 68°C with 0.2 ´SSC for high stringency or at room temperature with 2 ´SSC for low stringency, in all conditions containing 0.1% SDS. The DIG-labeled probe was detected using phosphatase-labeled anti-DIG antibodies with CDP-Star as substrate (Roche) according to the manufacturer's instructions.
Cell surface hydrophobicity and charge assays
To obtain cells for cell surface hydrophobicity and charge assays, cultures consisting of 100 ml of BHI containing 15 mg/ml NAD were inoculated with stationary-phase cells from overnight starter culture (approximately 15 h) to an initial optical density (OD) of 0.05 at 620 nm (Spectronic 20D optical spectrophotometer; Milton Roy Inc. Rochester, NY, USA). Cultures were incubated at 37°C with rotary aeration at 180 rpm in a model G24 Environmental Incubator Shaker (New Brunswick Scientific, Edison, NJ, USA) until late-exponential phase for cell surface hydrophobicity assays and until an OD 620 = 0.10 for cell surface charge assays. Cell surface hydrophobicity 30 Labrie, Rioux, Wade, Champlin, Holman, Wilson et al. was measured by assessing the degree to which wild-type and mutant strains were able to partition into n-hexadecane (Sigma) using the method of Rosenberg et al. 23 as modified by Darnell et al. 24 The only differences were that cells were harvested and washed using centrifugation for 12 min at 12,000 g at 4°C, and that assay mixtures consisted of 1 ml n-hexadecane added to 4 ml cells standardized to an OD of 0.5 at 620 nm. Cell surface electrostatic charge properties were assessed on the basis of zeta potential values. These were obtained by measuring electrophoretic light scattering by cells in an electric field 25 using a Zetasizer 3000 (Malvern Instruments, Southborough, MA, USA) in a manner similar to that employed previously in this laboratory. 26 Exponential-phase cultures (OD 620 = 0.10) were placed on ice and analyzed as soon as possible by injecting a 1 ml volume of each sample into the instrument that was then run at 25°C, pH 7 with analytical parameters adjusted to manufacturer's specifications.
Hemoglobin-binding assay
Overnight cultures of A. pleuropneumoniae were washed and resuspended in PBS to an OD of 0.2 at 540 nm, equivalent to approximately 10 8 CFU/ml. Bacterial suspensions (1 ml) were incubated with FLUOS-labeled pig hemoglobin (Hb; 1 mg/ml) 27 for 60 min at room temperature. Cells were washed twice in PBS and fixed with 2% paraformaldehyde. Suspensions of A. pleuropneumoniae cells not incubated with pig Hb served as controls. Cells were maintained in the dark at 4°C until analyzed by flow cytometry as previously described. 10, 27 Flow cytometry results were expressed as a percentage of gated fluorescent events, which is the percentage of fluorescent cells out of 10,000 cells. The hemoglobinbinding assay was performed with samples in duplicate.
Chromogenic Limulus amebocyte lysate (cLAL) test
Activation of cLAL (Pyrochrome, Associates of Cape Cod, Woods Hole, MA, USA) by LPS was used to compare the biological activity of LPS of mutants with that of the wild-type strain A. pleuropneumoniae 4074 Nal r . Some modifications were introduced to experiments described previously. 6 Experiments were conducted with 10-, 100-, and 1000-fold dilutions of bacterial cells (starting concentration 1 mg/ml). Dilutions were prepared using pyrogen-free water in non-treated polystyrene microplates. cLAL (50 ml) was then added to each well and the plates were incubated at 37°C for 30 min. Absorbance was determined with an automated plate reader (Dynatech Laboratories, VA, USA) at 410 nm. The cLAL test was performed with samples in duplicate.
Experimental pig infection
The use of animals was reviewed and approved by the appropriate Animal Care Review Committee at the institution where the experiments were carried out. Twenty-one specific pathogen-free, 12-week-old piglets reared in a pathogen-free environment were used. One group of 7 piglets received the wild-type strain A. pleuropneumoniae 4074 Nal r , one group of 7 piglets received rough LPS mutant 27.1 and one group of 7 piglets served as control. These three groups were housed separately. The infection and examination were done as described previously 12,28 with one difference: parent strain and mutant 27.1 were grown on PPLO agar plates supplemented with 1 mg/ml of glucose, 10 mg/ml NAD and 5% horse serum.
Nucleotide sequence accession numbers
The sequences reported here have been submitted to GenBank and assigned accession numbers: ORF12 -AF329453; ORF16, ORF17, and ORF18 -AF329452.
Statistical analysis
Differences between mean values were analyzed for statistical significance by determining P values using the Student's t-test with the two-tailed table. P values of less than 0.05 and 0.01 indicated statistical significance at the 95% and 99% confidence levels, respectively.
RESULTS
Identification of genes interrupted by mini-Tn10 in Oantigen mutants and their neighboring genes
Seven rough LPS mutants of A. pleuropneumoniae serotype 1 were obtained following transposon mutagenesis. 12 These mutants showed a rough LPS profile on SDS-PAGE gels and did not react with monoclonal antibody 5.1 G8F10 directed against an epitope located in the O-antigen of A. pleuropneumoniae serotype 1 LPS. All these mutants resulted from a single insertion of mini-Tn10. In order to identify the site of insertion of the mini-Tn10 in each of these rough mutants, genomic DNA was digested with the restriction enzyme EcoRI and ligated into pBR325. Sequencing analysis allowed us to determine that two of the mutants ( Fig. 1A ).
Sequencing of the 13.5 kb EcoRI fragment demonstrated 12 ORFs overall (Fig. 1A) . The encoded proteins had high homologies: ORF1 to peptidylprolyl isomerase, ORF2 to aquaporin Z and ORF3 to a hypothetical protein. The ORF4 product showed homology to the menA gene of Haemophilus ducreyi. The menA gene codes for the enzyme 1,4-dihydroxy-2-naphthoate octaprenyltransferase that is involved in the biosynthesis of menaquinone. ORF5 encoded a homologue of YadR, a conserved hypothetical protein of unknown function that is also found downstream to the menA gene in H. ducreyi. ORF6, ORF7, ORF8 and ORF9 displayed strong homology (82%) to the ORF6, ORF7, ORF8 and ORF9 previously identified in a cluster of genes of A. actinomycetemcomitans coding for the serotype b specific O-polysaccharide (Fig. 1B) . The proteins encoded by these four ORFs showed high homology to the rml genes involved in dTDP-rhamnose biosynthesis in N. meningitidis, E. coli and Shigella flexneri. 29 dTDP-Lrhamnose is known to be synthesized from dTTP and Dglucose-1-phosphate by the combined action of four rml gene products in these bacteria. Moreover, in A. actinomycetemcomitans Y4 serotype b, the dTDP-rhamnose synthesis genes are thought to be responsible for the biosynthesis of the serotype-specific antigen that consists of 2 deoxyhexoses, D-fucose and L-rhamnose. 29 It was previously reported that the polysaccharide region of A. actinomycetemcomitans Y4 LPS contains the serotype b-specific antigen of this species. 30 The proteins encoded by ORF10 and ORF11 had high homologies (74% and 72%, respectively) to ORF10 and ORF11 of A. actinomycetemcomitans serotype b gene cluster ( Fig. 1 ) whose products belong to the ABC superfamily of active transporters. Further nucleotide sequence analysis demonstrated that the mini-Tn10 insertion in mutants 1.1 and 15.1 were located in a gene (ORF12: 2766 bp) encoding a protein with identity to the ExpE4 protein of Sinorhizobium meliloti (25%) and to the RfbU protein of Methanobacterium thermoautotrophicum (22%) that are both involved in the transfer of sugar (Table 3 ). However, an EcoRI site present in gene ORF12: 2766 bp prevented us from obtaining the entire sequence. We then tried another approach: screening a DNA library of A. pleuropneumoniae serotype 1 reference strain 4074 constructed in Lambda Zap Express phage vector. The screening was conducted with a DIG-labeled probe designed for Southern blotting and specific to the available sequence of ORF12. After three rounds of screening, a positive clone was isolated and sequenced allowing us to obtain the entire sequence of the ORF12 and sequences downstream. Sequence information stretching over 2.7 kb downstream of ORF12 identified 3 different ORFs that we called ORF13, ORF14 and ORF15. The proteins encoded by these 3 ORFs had high homology to ORF15, ORF16 and ORF17 and previously reported 29 in A. actinomycetemcomitans serotype b gene cluster (Fig. 1) . These ORFs, while indispensable for serotype-specific antigen synthesis in A. actinomycetem-32 Labrie, Rioux, Wade, Champlin, Holman, Wilson et al. comitans, 29 did not show significant homology to any previously reported proteins.
Sequencing of the 3.5 kb EcoRI fragment demonstrated three ORFs (ORF16, ORF17 and ORF18; Fig.  1A ). Mutant 51.1 had the mini-Tn10 insertion localized in a gene (ORF16: 873 bp) encoding a protein with identity to the RfbF protein of S. flexneri (42%), the ORF33X8 protein of Vibrio anguillarum (37%) and the RfbQ protein of Shigella dysenteriae (31%) ( Table 3 ). The insertion of the transposon in mutant 44.1, localized at the 3¢ end of a gene (ORF17: 912 bp) showed identity with the RfbN protein of A. actinomycetemcomitans (60%) and WbaN of Salmonella typhimurium (54%) and Salmonella choleraesuis (53%) ( Table 3 ). All these proteins are rhamnosyltransferases. Mutants 24.1 and 27.1 had the mini-Tn10 insertion at different positions in the same gene (ORF18: 1419 bp) which encoded a protein with homology to RfbP (WbaP) proteins of H. influenzae (64%), E. coli (57%) and S. typhimurium (56%) ( Table 3 ) all of which have galactosephosphotransferase activity. As for mutant 36.1, the insertion of the mini-Tn10 proved to be at exactly the same position as in mutant 24.1 (after bp 1334). Additionally, ORF17 and ORF18 in A. pleuropneumoniae correspond to ORF20 and ORF21 in A. actinomycetemcomitans serotype b gene cluster (Fig. 1 ). Sequence information downstream of ORF18 revealed homology with H. influenzae ribosomal protein S21 that is not related to LPS biosynthesis. Preliminary sequence information upstream of ORF16 was not sufficient to demonstrate significant homology with any known genes in the database. This led us to resort to screening the aforementioned phagemid bank with a probe specific to the ORF16. The region immediately upstream of ORF16 proved to be ORF15 (Fig. 1 ), hence demonstrating that the two distinct EcoRI fragments were initially only 2.7 kb apart.
The four putative O-antigen biosynthesis genes identified in this study (ORF12, ORF16, ORF17, ORF18) have a low G+C content (between 28% and 31%, Table 3 ) when compared to the estimated G+C content (43.2%) of the entire A. pleuropneumoniae chromosome. 31 Sequence analysis of regions upstream and downstream of the individual genes in all 4 ORFs were further investigated. A potential ribosomal binding site (RBS) was situated at a distance of -16 for ORF17 and -11 for ORF18.
Distribution of LPS biosynthesis genes among A. pleuropneumoniae serotypes
To determine whether the four putative genes involved in O-antigen biosynthesis of A. pleuropneumoniae serotype 1 that we identified by transposon mutagenesis (ORF12, ORF16, ORF17, and ORF18) are conserved among the 12 serotypes of A. pleuropneumoniae, we performed PCR amplifications and Southern blotting analyses with DIG-labeled probes of each ORF. Oligonucleotide primers (internal to each ORF) were used for amplification ( Table 2 ). The probes were approximately lengths of 1900 bp for ORF12, 650 bp for ORF16, 800 bp for ORF17 and 1200 bp for ORF18. All four ORFs were also present in serotypes 9 and 11 which was expected considering that serotypes 1, 9 and 11 reveal a number of structural similarities to the O-antigen and show serological cross-reactivity. 14, 15 We also performed PCRs and Southern blotting with three previously identified ORFs coding for genes involved in core LPS biosynthesis of A. pleuropneumoniae serotype 1. 11, 12 The sizes of these DIG-labeled probes were approximately 950 bp for ORF5.1, 1000 bp for ORFcg1 and 900 bp for ORFcg3. Our findings showing that these ORFs were present in all 12 serotypes confirmed that the LPS Genes involved in biosynthesis of A. pleuropneumoniae serotype 1 O-antigen and rough mutants 33 Undecaprenyl-Gal-1-P transferase 57 AF104912 WbaP-S. typhimurium (476 a.a.)
Undecaprenyl-Gal-1-P transferase 56 S15314 core is usually more conserved between serotypes than O-antigen which is the more variable region of LPS.
Cell surface hydrophobicity and charge assays
A hydrocarbon adherence assay 23 was employed in order to determine the relative cell surface hydrophobicity properties of the A. pleuropneumoniae rough mutants with respect to core-LPS mutants, an acapsular mutant and the wild type strain. Data in Table 4 reveal that the surface of O-antigen-and core-LPS mutants and the surface of the parental wild-type strain were clearly hydrophilic. In contrast, the surface of an acapsular mutant (33.2) was significantly more hydrophobic than the surface of the wild-type strain. This acapsular mutant was incorporated in the present study in order to compare the impact of O-chains and capsule polysaccharides on different cell surface properties. A laser-based Zetasizer 3000 (Malvern Instruments) was employed to measure the electrophoretic mobility of cells in an electrical field, thereby allowing for the generation of zeta potential values reflective of cell surface electrostatic charge. Data in Table 4 reveal that capsulated LPS mutants are more electronegative than the acapsular mutant (33.2) . No difference in zeta potential was observed among the capsulated mutants regardless of LPS mutation, except for mutant CG1 that appeared to be less electronegative (Table 4) .
Hemoglobin-binding assay
Hb-binding activity of the LPS and acapsular mutants was tested in flow cytometry using A. pleuropneumoniae serotype 1 reference strain 4074 Nal r as control. The purpose was to evaluate the influence of surface polysaccharides on Hb-binding activity. All A. pleuropneumoniae mutants were able to bind FLUOS-Hb and their percentages of fluorescent events were significantly different (P < 0.05) from the control cells that were not incubated with FLUOS-Hb (data not shown). A slight increase (0.01 < P < 0.05) in the percentage of gated fluorescent events of acapsular mutant 33.2 compared to the wild-type strain 4074 Nal r was observed (Table 4 ). However, no significant differences were observed between rough or core mutants and the wild-type parent strain.
Chromogenic Limulus amebocyte lysate (cLAL) test
We used a chromogenic LAL test to evaluate biological activity of LPS of the mutants compared to the LPS of Percent decrease in turbidity of standardized cell suspension -SD after mixing with 1 ml of n-hexadecane. Each value represents the mean of 3-5 independent determinations, expressed as the % adherence to hexadecane -SD. b Zeta potential of standardized cell suspension -SD, expressed in mV. Each value represents the mean of data obtained from 3-6 independent cultures. c Cells labeled with FLUOS-Hb as determined by flow cytometry and expressed as % gated fluorescent events -SD (n = 2). d Activation of cLAL by LPS (dilution 1:10) expressed as mean -SD (n = 2). e P > 0.01 compared to parent strain. f P < 0.01 compared to parent strain. g P > 0.05 compared to parent strain. h 0.01 < P < 0.05 compared to parent strain.
the wild-type strain of A. pleuropneumoniae 4074 Nal r . All A. pleuropneumoniae mutants showed similar biological activity, and no significant differences were observed between the biological activity of any mutants and the parent strain (Table 4 ).
Virulence in pigs
The virulence of a rough LPS mutant of A. pleuropneumoniae serotype 1 was evaluated in pigs and compared to the virulence of the wild-type parental strain 4074 Nal r . Since the seven rough LPS mutants characterized in this study showed the same LPS profile and surface properties, we arbitrarily tested the virulence of mutant 27.1. After intranasal challenge with rough mutant 27.1 mortality was 43% (3/7), identical to the percentage of mortality observed after challenge with the parent strain 4074 Nal r ( Table 5 ). As observed in Table 5 , the body temperature was higher than normal for 86% (6/7) of the pigs infected with mutant 27.1 and 100% (7/7) of the pigs infected with the parent strain 4074 Nal r . A necropsy was done on all the pigs, with particular attention to lung lesions. Upon macroscopic examination, fibrinohemorrhagic pleuropneumonia, compatible with A. pleuropneumoniae infection 32 was observed in all pigs infected with the parent strain 4074 Nal r and with rough mutant 27.1. We also observed lung lesions in one control pig, but these lesions did not result from an A. pleuropneumoniae infection, as shown by bacteriological and histological examination, but rather from the ingestion of feed particles. A. pleuropneumoniae was isolated from the lungs of all pigs infected with the parent strain 4074 Nal r and with rough mutant 27.1. We then looked for serum antibodies in all the pigs with a Swinecheck kit (Vetoquinol) which allows the detection of antibodies against LPS A. pleuropneumoniae serotype 1, 9 and 11. Prior to infection, all the pigs were seronegative but we noticed a seroconversion during the second week after the challenge in the pigs infected with the parent strain 4074 Nal r as well as in the pigs infected with rough mutant 27.1 (data not shown). However, the antibody level was markedly lower in pigs infected with mutant 27.1 due to the absence of O-chain polysaccharides. It is worth noting that the growth curves in liquid culture for the parent strain and the LPS mutant 27.1 were identical (data not shown).
DISCUSSION
Although LPS has been identified as an important adhesin of A. pleuropneumoniae 10 and as an important virulence factor, 33 no information exists about LPS biosynthesis genes and their organization in this important swine pathogen. The aim of the present study was to characterize seven A. pleuropneumoniae O-antigen mutants obtained previously, 12 to identify the genes interrupted by a mini-Tn10 insertion and the neighboring genes, and to determine some biological properties of these rough mutants.
Localization of the mini-Tn10 transposon in the mutants allowed us to identify four different ORFs involved in O-antigen biosynthesis of A. pleuropneumoniae serotype 1. Two mutants (1.1 and 15.1) allowed the identification of a gene (ORF12: 2766 bp) whose product showed homology to a protein known to play a role in exopolysaccharide biosynthesis by transferring glycosyl residues. Two others (51.1 and 44.1) (ORF16: 873 bp and ORF17: 912 bp) showed homology to two distinct proteins involved in the biosynthesis of the O-antigen by transferring rhamnose residues. The three others (24.1, 27.1 and 36.1 -ORF18: 1419 bp) showed homology to a protein that is known, along with Rfe (WecA), to initiate polysaccharide synthesis through the transfer of sugar residues onto the carrier lipid molecule undecaprenol phosphate (Und-P) in Enterobacteriaceae. 34 The genes that we identified coded for functions associated with LPS biosynthesis in other Gram-negative microorganisms. The structure of the O-polysaccharide in A. pleuropneumoniae serotype 1 LPS consists of branched tetrasaccharide repeating units composed of a-L-Rhap (2 residues), a-D-Glcp and b-D-GlcpNac. 13 Interestingly, one of the ORFs we identified by transposon mutagenesis Genes involved in biosynthesis of A. pleuropneumoniae serotype 1 O-antigen and rough mutants 35 (ORF12) coded for a glycosyltransferase and two (ORF16 and ORF17) for rhamnosyltranferases. The sugar specificity of the glycosyltransferase (ORF12) is not yet known. The exact function of the gene product of the ORF18 is presently unknown, but could be associated with the transfer of sugar residues onto the lipid carrier. The identification of a region of 18 ORFs in A. pleuropneumoniae serotype 1 led us to the observation that, in constructs in the regions studied, significant similarity exists between this organism and A. actinomycetemcomitans serotype b. Eleven ORFs proved to be present in both organisms and in the same consecutive order (Fig. 1) . In A. actinomycetemcomitans, these ORFs comprise a large cluster associated with the biosynthesis of the serotypespecific antigen 29 which was previously reported as a constituent of the polysaccharide region of LPS in this organism. 30 The same region could, therefore, be implicated also in O-antigen biosynthesis in A. pleuropneumoniae. In enteric bacteria such as E. coli, S. typhimurium and Yersinia enterolitica, the chromosome contains an uninterrupted rfb cluster composed of 11-18 genes that direct biosynthesis of the entire O-antigen, whereas in H. influenzae genes involved in LPS biosynthesis are spread around the chromosome. 17 The ORFs identified in this study have a significant similarity with a cluster of genes associated with O-antigen biosynthesis in A. actinomycetemcomitans serotype b. We remain cautious about applying the term cluster for A. pleuropneumoniae serotype 1 given that the four different LPS biosynthesis genes we have identified are separated by other genes whose functions are still to be described.
We then studied the distribution of the 4 putative LPS biosynthesis genes (ORF12, ORF16, ORF17, and ORF18) amongst the 12 serotypes of A. pleuropneumoniae. They were also present in serotypes 9 and 11. This agrees with the structural similarities reported for serotypes 1, 9 and 11 14, 15 and the observed serological cross-reactivity amongst them. We also looked at the distribution of three genes involved in A. pleuropneumoniae core LPS biosynthesis identified in previous studies 11, 12 amongst the 12 seroypes of A. pleuropneumoniae and found them ubiquitously present. This is not surprising, given that the core structure is generally more conserved than the O-antigen in bacteria.
Noteworthy is that the putative O-antigen biosynthesis genes identified in this study (ORF12, ORF16, ORF17, and ORF18) have a low G+C content (30%) as compared to the estimated G+C content of the entire A. pleuropneumoniae chromosome which is 43.2%. 31 This is characteristic of the rfb clusters identified in many other bacteria such as Vibrio cholerae O135 and Azotobacter vinelandii 36 and may be indicative of the acquisition of the rfb genes by interspecific gene transfer.
We determined different surface properties of the A. pleuropneumoniae rough mutants. We first explored the cell surface hydrophobicity of the rough mutants by measuring the relative abilities of the cells to partition into nhexadecane. The results revealed O-antigen mutants to be hydrophilic and similar to the parent strain, while an acapsular mutant was relatively more hydrophobic. These results indicate that hydrophobic moieties are more exposed at the cell surface in the absence of a capsular material layer and that the loss of O-chains in rough mutants does not significantly influence the overall hydrophobicity/hydrophilicity of the cell surface.
In the absence of charged capsular material, the overall zeta potential of the cell is significantly affected as seen by the lower electronegativity of the acapsular mutant. However, the capsule is not solely responsible for the overall charge of the cells, attested to by one LPS core mutant (CG1). This mutant, with the transposon insertion in a gene which showed homology to the waaB of S. typhimurium, 11 displayed the same zeta potential as the acapsular mutant. Given that the waaB gene is responsible for the substitution of hexose during synthesis of the core oligosaccharide, one speculates that the anomaly is due to the addition of a negatively charged residue such as phosphate. We will confirm our speculation when the structure of the core OS in A. pleuropneumoniae is elucidated.
The influence of surface polysaccharides on Hb-binding activity of A. pleuropneumoniae serotype 1 was tested in flow cytometry. A significant increase in the percentage of gated fluorescent events of acapsular mutant 33.2 compared to the wild-type parent strain Nal r was observed. This result indicates that the surface molecules with Hbbinding activity are more exposed at the cell surface in the absence of a capsular material layer. The absence of Ochains in the rough LPS mutants did not allow a significant increase of Hb-binding to surface proteins and to the corelipid A region of LPS that are both thought to play a role in Hb-binding. 6, 27 We also evaluated the biological activity of LPS of the mutants compared to the LPS of the wild-type strain of A. pleuropneumoniaein a chromogenic LAL test. No significant differences between the biological activity of any of the mutants and the parent strain were observed. These results were not surprising considering the fact that the lipid A portion of LPS is known to be responsible for activation of LAL. Based on the putative functions of the ORFs we identified in the present study, there should not be any difference in the lipid A portion of these LPS mutants.
A. pleuropneumoniae O-antigen mutant 27.1 was shown to be as virulent in pigs as the wild-type parent strain and a similar percentage of pigs died following experimental infection. However, previous studies have shown a core LPS mutant (5.1) 12 and the acapsular mutant (33.2) 28 of A. pleuropneumoniaeserotype 1 to be markedly less virulent in pigs than the parent strain.
The organization of genes in A. pleuropneumoniae serotype 1 identified in this study shows similarities to the construct in A. actinomycetemcomitans serotype b. In A. actinomycetemcomitans, the genes involved in serotype-specific antigen synthesis, a constituent of the polysaccharide region of LPS, are arranged in a cluster. The genes we identified in A. pleuropneumoniae that were involved in O-antigen biosynthesis were both common to some of those in A. actinomycetemcomitansserotype b and similar organization. We identified for the first time four different putative genes involved in A. pleuropneumoniae serotype 1 O-antigen biosynthesis (ORF12, ORF16, ORF17 and ORF18). These genes were also present in serotypes 9 and 11. These two serotypes express an O-antigen, which serologically cross-reacts with serotype 1. Evaluation of some surface properties of the rough mutants indicates that the absence of O-chains does not appear to have a significant influence on the overall surface hydrophobicity, charge and Hb-binding activity and LAL activation. In addition, we showed that a rough LPS mutant was highly virulent in pigs. Taken together, our data suggest that capsular polysaccharides and not O-chain polysaccharides have a major influence on surface properties of A. pleuropneumoniae serotype 1 and its virulence in pigs.
